High-spin states in 79 Sr were studied using the 54 Fe( 28 Si,2pn) reaction at 90 MeV, with a thick 14 mg/cm 2 54 Fe target used to stop all recoils. Prompt γ − γ coincidences were detected using the 
I.
INTRODUCTION
The light, proton-rich strontium isotopes have been known [1] to exhibit large prolate deformation at low excitation energy for some time. With both proton and neutron numbers near the middle of the f − p − g shell, correlating to a relatively large number of valence particles, the ground states of these nuclei are primed to possess some of the strongest quadrupole deformations β 2 in the mass 80 region [2] . These large deformations could be expected to persist at high spin due to the significant gap in the single-particle energy spectrum at particle number 38 for a prolate deformation of β 2 ≈ 0.4 [3] , resulting in a large energy cost associated with promoting quasiprotons above the gap.
The neutron Fermi levels for these nuclei lie in the vicinity of the [422] + orbital which intrudes from the d 5/2 subshell. The intrinsic structure of light odd-mass Sr isotopes is therefore expected to be influenced by quasineutron occupation of these three orbitals. In 81 Sr, band structures suggested to be based on these intrinsic configurations have been found and well studied [4] [5] [6] [7] . Lifetime measurements at low spin [4] followed by more measurements at high spin [5, 6] showed that while the yrast positive-and negative-parity bands (based on the [422] + configuration had a large average Q t value of ±3.5 eb, corresponding to an axial deformation of β 2 ≈ 0.4 [5, 6] . The much larger collectivity associated with the [431] 1 2 + band was attributed [6] + configuration was also found [11] and later verified by the most recent study of 79 Sr [12] , which also extended the level scheme to the highest known spins in each band, reaching I π = + bands, respectively. Nevertheless, lifetime information in these bands remains limited, particularly for the higher spin states. The large quadrupole moments in the low-spin states of the yrast negative-parity band deduced from angular distributions
[1] were later verified by lifetime measurements using the recoil-distance and Doppler-shift attenuation methods [8, 10] . Further lifetime measurements of states in the yrast positiveparity band using direct timing [9] , and the recoil-distance and Doppler-shift attenuation methods [8] , also revealed a high degree of collectivity (|Q t,ave | = 2.9 eb) based on the E2 transition rates. However, mean lifetime measurements are not available for spins at or above the band-crossing regions [8, 9, 12] for each of these bands, where the observed quasiproton alignment was rather sharp in the yrast positive-parity band, but only very gradual in the yrast negative-parity band based on the behavior of the moments of inertia [9] . The differences in the alignments were explained [9] in terms of the different favored structures in the alignment regions of each band. The yrast positive-parity band was predicted to have a triaxial shape with reduced deformation (β 2 ≈ 0.32) in the band-crossing region, evolving from a more deformed (β 2 ≈ 0.35) prolate shape below the crossing. In the yrast negative-parity band, both the deformation (β 2 ≈ 0.37) and the prolate shape were predicted to persist as the nucleus transitions through the band-crossing region. Since transition quadrupole moments are sensitive to structure changes, any difference in their behavior near the region where the quasiproton alignment occurs in each band would provide a test of these predictions. Moreover, lifetimes have not been measured for any states in the [431] 1 2 + band.
Establishing the degree of collectivity and deformation in this band would be a particularly useful test of the available theoretical models, considering that its deformation has long been predicted [3, 6] to be the largest among the other bands based on this configuration in the N = 39 − 45 Sr isotopes, a result that has awaited experimental verification. It would also constitute only the second measurement of lifetimes in a band considered to be based on the [ 
431]
1 2 + intrinsic configuration in this mass region.
The present work was undertaken to measure lifetimes to as high a spin as possible in all three known rotational bands in 79 Sr using the Doppler-shift attenuation method (DSAM).
As a result of this work, the measured lifetimes have been used to map the evolution of collectivity with increasing spin in both the yrast positive-and negative-parity bands beyond the band-crossing regions, as well as to establish the degree of collectivity and deformation for were also used as an additional test case for the predictions of the projected shell model [13] and cranked Woods-Saxon [3] calculations, including a determination of the deformed shapes that are consistent with the lifetime measurements. 
II. EXPERIMENTAL AND ANALYSIS TECHNIQUE

9.4×10
8 total coincidence pairs were collected and sorted into a variety of 3000×3000 channel square γ − γ coincidence matrices with a dispersion of 0.9 keV/channel. Both the sorting and analysis of the γ-ray spectra were performed using program gnuscope, a γ-spectrum analysis software package developed at FSU [14] .
Gamma-ray transition energies and intensities were measured from backgroundsubtracted gated spectra projected from a square matrix consisting of coincidences between only the 90 • detectors and all other detectors. In order to minimize the measurement uncertainty due to Doppler-shifted line shapes, the intensities were first determined at 90
• and then corrected for angular distribution effects using the a 2 and a 4 angular distribution coefficients measured previously [9] . In some cases, a 2 and a 4 were deduced from transition mixing ratios measured previously [1, 8] . These coefficients were then used to deduce A 0 , the angle-independent first-order term in the series of Legendre polynomials that describe the experimental intensities as a function of observation angle. When the a 2 and a 4 coefficients
were not available for a particular transition, an average value of the measured ones was used, based on the appropriate multipolarity of the transition (∆I = 1 or ∆I = 2). As a test of the method, the γ-ray intensities measured previously [8, 9] in the yrast positive-and negative-parity bands were remeasured, and the results were in generally good agreement with the previous results, except in the case where systematically larger intensities were measured using an inverse reaction [9] . Even in this case, though, the measured branching ratios remained in good agreement with the previous results.
Spin changes were measured based on directional correlation of oriented nuclei (DCO) ratios, defined according to
In order to increase the statistics of the DCO ratio measurement, the analysis was performed using a matrix constructed to exploit the angular symmetry of the FSU Ge array, in which both 35
• and 145
• detector events were sorted against only the 90
• detector events.
Based on the geometry of the array, if the gate γ G represents one or more stretched electric quadrupole (E2) transitions, then the DCO ratios for stretched E2 transitions are expected
to be approximately unity, while ∆I = 1 transitions yield ratios of about 0.5 if the mixing ratio is small [5] . All obtainable DCO ratios, along with level energies, spins, and relative intensities are given in Table I . These measurements, along with the γ-ray coincidence relationships and measured effective lifetimes (see below), were used to confirm the existing Mean lifetimes of excited states in the bands shown in Fig. 1 were then measured by applying the DSAM to the experimental line shapes of coincident γ rays detected at 35
• . The DSAM applied to this experiment involved a comparison of the decay time of the recoiling nuclei with their slowing-down time in a thick target. This comparison was carried out using the simulation code fits [5] which integrates over the thickness of the target and determines a Gaussian distribution of recoil velocities (with a width that is 10% of the kinematic mean) at the time of decay, thus accounting for the evaporation of charged particles in the reaction. It corrects for direct feeding from up to four known higher-lying states and side feeding from one unknown state, as well as for finite detector solid angle and resolution, and the energy dependence of the reaction cross sections as the beam slows through the target. The nuclear and electronic stopping powers were obtained from the program srim2000 [15, 16] .
By varying the lifetime of the parent state of interest, a set of theoretical line shapes was produced and compared with the measured Doppler-shifted spectrum at 35
• to find the best fit. The lifetime which generated a curve that had the lowest reduced χ 2 when compared to the experimental spectrum was taken as the lifetime of that state. The uncertainty in the individual lifetimes measured at both angles was determined by finding the lifetime value above and below the best-fit value which increased the minimum reduced χ 2 value by one unit. The accepted lifetime values were determined from a weighted average (based on the measured uncertainty) of the individual lifetimes measured at both angles (see Table II ). In some cases, this weighted average included contributions from a lineshape analysis of both an M1/E2 and a stretched E2 transition from the same initial state, Whenever possible, mean lifetimes were determined from spectra gated from above (GFA) the transitions of interest, eliminating the effects of side feeding. In these cases, the transitions were also gated from below (GFB) for the determination of side-feeding times and as a test of consistency. When performing a GFB fit, the total side-feeding intensities were obtained from the intensity balance of each state, and the side-feeding time was allowed to vary while holding the mean lifetime constant at the value obtained from the GFA result.
The side-feeding time which generated a theoretical line shape that had the lowest reduced χ 2 when compared to the experimental GFB spectrum was taken as the side-feeding time of that state. The uncertainty in the side-feeding times were determined in the same way as that described above for the mean lifetime fits. Figure 3 shows a GFA and a GFB fit to the 885 keV transition in the [422]
Limited statistics often forced the use of only a GFB fit to an experimental line shape.
In these situations, the side-feeding times were generally not known but were estimated for the feeding corrections based on the results of a least-squares fit to the measured sidefeeding times in both the yrast positive-and negative-parity bands ([422] − bands in Fig. 1 ). An exponential function of spin was used since this curve represented the trend of the measured values well and extrapolated to values at the highest observed spins (τ sf ∼ 0.01 ps) that were consistent with those used in other recent studies of nuclei in this mass region (see, for example, Refs. [17] [18] [19] ). This choice is also consistent with the findings of a theoretical study of side-feeding times in this mass region [20] , as well as the measured results from 82 Sr [21] and 83 Y [22] . In many cases, however, the resulting mean lifetimes were rather insensitive to the side-feeding time as long as the side-feeding intensity was small.
III. RESULTS
A. The level scheme
The level scheme of 79 Sr as deduced from this work is shown in Fig. 1 . In general, the decay scheme published most recently [12] has been verified and is in good agreement with the present study, although excited states could not be observed to as high a spin as in that work. The measured γ-ray intensities show generally good agreement with those measured previously [8, 9] whenever comparisons were possible.
Although the band labeled [431]
1 2 + in Fig. 1 has been incorporated in prior versions of the 79 Sr level scheme [11, 12] , only limited spectroscopic data about this sequence have been published thus far. In this work, several γ-ray intensities and DCO ratios, as well as level lifetimes, have been measured in this band and are given in Tables I and II. The results at least partially confirm the spin assignments and level ordering given in Refs. [11, 12] . + configuration in projected shell model calculations [12] . Figure 4 shows an example coincidence spectrum resulting from gating on the 284 and 644 keV γ rays from the decay of the 3 2 (+) and 13 2 (+) states in this band, respectively (see Fig. 1 ).
The 216 keV line that was suggested [12] to be a transition between the − band, as well as the measured DCO ratio of the 216 keV line, which is indicative of a ∆I = 1, rather than a ∆I = 2, transition (see Table I ).
(The strong observed coincidences between 216 and 222 keV γ rays can still be explained in this new construction, as seen from ns was deduced for the lifetimes of these states [12] . In 81 Sr, the lifetimes of the due to the 29 ns mean lifetime of the parent state [9] .
B. Lifetime measurements
Lifetimes of 33 excited states were measured using the DSAM and are given in Table II .
The effective lifetimes represent the weighted average (based on the individual uncertainties)
of the results obtained from each of the two detector angles for which they could be measured.
Mean lifetimes, which include feeding corrections, are given for each detector angle along with the accepted lifetime which also represents the weighted average of the results at each angle. Results obtained from a previous DSAM analysis [8] (If measurements are unavailable, values that were interpolated or extrapolated from the measured ones are given.) Figure 5 shows the four independent line shapes that were used to determine the lifetime of the Still, only an estimate of τ < 1.0 ps was given for the 15 2 + state, and a lifetime was not measured for the 19 2 + state (see Table II ). In this work, most lifetimes between the + ) states were measured by using either a GFA or GFB analysis (see Table II for the distinction). Line shapes could not be extracted above the ( + states are significantly smaller than the values measured previously [8] (see Table II ).
However, the side-feeding time measured for the 17 2 + state is in rather good agreement with the value given in Ref. [8] , and the interpolated side-feeding time for the 21 2 + state based on the exponential curve fit to the measured values was similar to that determined in that study (see Table II Table II ). The statistics were too weak to remeasure the lifetime by this method at 35
• . The final accepted lifetime of the ( 33 2 + ) state (see Table II ) incorporated the one independent fit of the 1255 keV line shape as part of a weighted average (based on the measurement uncertainty) of all measurements (see Table II ). The individual line shapes that comprise the 1175 keV doublet could not be resolved, and so only effective lifetimes are given for the signatures, respectively, and hence only effective lifetimes could be quoted for these levels. While there were adequate statistics to perform a GFA analysis of the line shapes of the 644 and 716 keV transitions, all other line-shape analysis was performed using GFB spectra. Figure 7 shows the fits to the 145 • line shapes of the 716, 908, and 1089 keV transitions in this band.
Negative-parity states
DSAM lifetimes were measured previously [8] in the yrast negative-parity band (labeled In this work, lifetimes were measured from the − ) state by using either a GFA or GFB analysis (see Table II for the distinction). Reliable line shapes could not be extracted above the ( signatures, respectively, and hence only effective lifetimes could be quoted for these levels. As was the case in the yrast positive-parity band, the measured mean lifetime of the spin I = 17 2 state in this band was significantly smaller than the previous result [8] , as shown in Fig. 6 from a comparison of the two line-shape fits to the 863 keV decay. At lower spins, the measured results compare somewhat more favorably with the other DSAM analysis [8] and two separate measurements using the recoil-distance method [8, 10] when there is an overlap in the results from the two methods. However, these comparisons should be made with caution since the DSAM technique tends to become less reliable once the mean lifetimes exceed about 1 ps.
The rather large uncertainties associated with measured values about 1 ps or larger reflect this. Figure 6 includes the fits to the 145
• line shapes of the 690 and 1103 keV transitions in this band as well.
C. Transition strengths
Reduced electric quadrupole transition strengths B(E2) were determined from the accepted lifetimes given in Table II , and were used to calculate transition quadrupole moments |Q t | from the rotational model according to
The Q t values provide a measure of the quadrupole deformation β 2 . Assuming axial symmetry, β 2 is determined approximately by
For the purpose of discussion, β 2 values have been inferred from the Q t values using r 0 = 1.2 fm. The B(E2), Q t , and β 2 values are given in Table III . Some of these values included in the table were deduced from two separate lifetime measurements using the recoil-distance method [8, 10] for completeness.
Magnetic dipole transition strengths B(M1) were calculated for ∆I = 1 transitions in the yrast positive-and negative-parity bands using the measured quadrupole-dipole mixing ratios δ given in Refs. [1, 8] . When a value of δ was not available for a particular transition in these bands, an average value determined from the measured values in the same band was used. B(M1) strengths were also estimated for ∆I = 1 transitions in the [431] − band was determined to be consistent with a picture of an axially deformed rotor both above and below the band-crossing region [9] . These conclusions were supported by the predictions of cranked Woods-Saxon (CWS) calculations, which also indicated a reduction in collectivity in the band-crossing region [8, 9] . Lifetime measurements [8] provided confirmation of a reduction in B(E2) strengths in the band-crossing regions of both bands, but were not extended to higher spins to see if this pattern continued.
A more recent investigation [12] confirmed these findings through another CSM analysis, which was compared to the predictions of the projected shell model (PSM) [13] . Both yrast structures were observed to higher spins and thus the possibility of additional alignments at higher frequencies were explored. The PSM uses a rotational-invariant Hamiltonian including quadrupole-quadrupole, monopole-pairing, and quadrupole-pairing interaction terms.
The strength of the quadrupole-quadrupole force was chosen so that the self-consistent relation with the input deformation parameter is kept. The monopole-pairing force strength took the form
where G 1 = 20.25 for both neutrons and protons, and G 2 = 16.20 (0) for neutrons (protons).
The quadrupole-pairing strength, assumed to be proportional to the monopole strength, was 16% of the monopole-pairing strength. These strengths are the same as those employed in previous PSM calculations for this mass region [12, [24] [25] [26] .
In the calculations, the deformed quasiparticle (qp) basis is constructed from the Nilsson single-particle states followed by a BCS calculation. The single-particle space includes all nucleons in the N = 2, 3, 4 major shells. To build the shell-model basis for a nucleus with an odd number of neutrons, the quasineutron creation operator is applied to the qp-vacuum state, and the resulting set of 1-qp states are projected onto good angular momentum states. [12] . More details about the PSM calculations specific to this work can be found in Ref. [12] . Comparisons between the PSM predictions for 79 Sr and the measured results are discussed separately for each band in the sections that follow.
B. Cranked Woods-Saxon calculations
The evolution of shape and deformation with rotational frequency has been studied previously [8, 9] The calculations generate a total Routhian surface (TRS) plot in the (β 2 , γ) plane at discrete rotational frequencies, using a deformed Woods-Saxon potential and a short-range monopole pairing force [3] . At each grid point, the Routhian was minimized with respect to the hexadecapole deformation β 4 .
In order to estimate the deformation of the [431] Theoretical Q t values were calculated for each band in which lifetimes were measured by using the β 2 values obtained from the TRS plots. In order to make a proper comparison between experimental and theoretical values, the quadrupole deformation of the nuclear matter distribution derived from the TRS calculations was first related to the charge quadrupole deformation derived from the B(E2) strengths [29, 30] . In order to take triaxiality into account, the high-spin limit for the γ dependence of Q t [31, 32] was used to determine the accepted theoretical Q t values from those calculated assuming axial symmetry [29] .
Comparisons between the Q t values predicted by the CWS calculations and those obtained experimentally are discussed separately for each band in the following sections. + ) state [8, 9] . The spin at which this decrease in Q t occurs is somewhat larger than that observed in an earlier study [8] , but this can be attributed to a comparatively shorter lifetime measured for the )), the aver-age Q t value (2.6 eb excluding lower-limit values) is somewhat smaller than that below the crossing (3.1 eb for I < ( 23 2 )), in fair qualitative agreement with the expectations of both CWS and PSM calculations. As mentioned earlier, this reduction in Q t has been associated [9] with a structure change that occurs as a result of a proton alignment. The results of this work seem to verify this interpretation, although the Q t values above the alignment should be interpreted with caution, since they are the ones that have the largest uncertainties associated with them in this band. Nevertheless, the sharp alignment observed in this band can only be understood if there is either some triaxiality present and/or the quadrupole deformation is very small [9] , but the measured Q t values unambiguously exclude the latter possibility. Even a slight reduction in collectivity is consistent with the onset of triaxiality (which evolves from a prolate shape at low spin) near and above the band-crossing region, according to CWS calculations [8, 9] .
A similar qualitative behavior of experimental Q t values as a function of spin was observed recently in even-even 74 Kr [33] . Large, nearly constant values of Q t (≈ 2.9 eb) at low spin in the ground-state band showed a somewhat gradual decrease through the band-crossing region, followed by a set of constant, but smaller, Q t values (2.1 eb) above the band crossing.
These results were interpreted [33] as a consequence of the simultaneous alignment of g 9/2
protons and neutrons, and were supported by CWS calculations, which also predicted a dramatic shape change beyond the alignment. Therefore, it may likely be the case that four particles are not contributing to the collective behavior after the band crossing in 74 Kr, and thus the shape change after the band crossing is more pronounced (as emphasized in
Ref. [33] ) than it is in 79 Sr. larger deformation. This is probably due to the combined influence of the proton number of Sr, which is nearer to midshell than that of Kr, and the importance of the position of the N = 41 Fermi level compared to the N = 43 one. Like 79 Sr, there is a rather sharp drop in the Q t values of 77 Kr near the region of a g 9/2 proton alignment [34] , and the average Q t value is somewhat smaller above it. The observed pattern is nearly opposite for 81 Sr, where the average Q t value is somewhat larger above the band-crossing region rather than below.
The changes in the 81 Sr Q t values become most pronounced near the onset of a 3-qp band crossing that occurs near spin 21 2 , and is accompanied by a significant decrease in the amount of signature splitting [5] . A smooth decrease with increasing spin is indicated, beginning above the spin 17 2 state. This behavior is consistent with the picture of a very gradual proton alignment that takes place over a broad range of spins, an interpretation suggested from the behavior of the kinematic moments of inertia J (1) determined experimentally [8, 9, 12] and calculated using the PSM [12] , which show a smooth rise with angular frequency (until a much sharper alignment occurs athω ≈ 0.8 MeV). However, the conventional wisdom that larger moments of inertia correspond to higher collectivity does not apply in this case. Part of the reason may be due to the more complicated wavefunctions resulting from strong f − p orbital mixing in the negative-parity structures due to the Coriolis interaction. Still, this particular concurrent behavior of J (1) and Q t with spin is not unique to the [301] of the level scheme that was performed in Ref. [35] , and thus the pattern looks slightly different than the one presented in Fig. 10 of Ref. [34] .) It is difficult to establish the pattern in 81 Sr due to the lack of sufficient mean lifetime information at low spin. . The experimental B(M1) values above spin 13 2 were also estimated using an average quadrupole-dipole mixing ratio δ = −0.14 (6) ) and ( 27 2 ) (see Fig. 9 ). The jump in Q t at spin ( 19 2 ) cannot be explained by either the CWS or PSM calculations, and it is difficult to deduce a physical reason for this change since there is no other evidence for a structure change there [12] . Still, it is interesting that a similar jump in ) could be related to the suggested gradual proton alignment that occurs in this band, as supported by PSM calculations which indicate a gradual increase in J (1) with spin [12] accompanied by a slow decrease in Q t (see Fig. 9 ). However, the observed drop in Q t is much larger than that predicted by the PSM in this spin range. More lifetime measurements at higher spin would be necessary to help understand this discrepancy.
Lifetime information in other bands based on the [431] The isotopically enriched 54 Fe target was thick enough to stop all recoils and hence allowed for the measurement of lifetimes using the Doppler-shift attenuation method (DSAM).
Gamma rays were detected in prompt coincidence using the FSU Compton-suppressed Ge array consisting of three high-efficiency Clover detectors and seven single-crystal detectors.
The γ − γ coincidences were used to confirm the existing level scheme of [2] R. F. Casten, Phys. Rev. Lett. 54, 1991 Lett. 54, (1985 . 
[422] those given in a previous study (τ sf,prev ) [8] when both sources are available. 
[422] [8] where data are available. The previous mean lifetime value used for the line shape of the 690 keV transition (τ prev,DSAM ) results from only the DSAM analysis performed in Ref. [8] and does not include the contribution of an analysis using the recoil-distance method for the same transition. Line shapes that were generated by gating from above (GFA) and gating from below (GFB) the given transition are also indicated. Line shapes that were generated by gating from above (GFA) and gating from below (GFB) the given transition are also indicated. The solid lines represent theoretical predictions from projected shell-model calculations. Figure 11 
